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ABSTRACT
We present deep stellar photometry of the Boo¨tes I dwarf spheroidal galaxy in g- and i-band
filters, taken with the Dark Energy Camera at Cerro Tololo in Chile. Our analysis reveals
a large, extended region of stellar substructure surrounding the dwarf, as well as a distinct
overdensity encroaching on its tidal radius. A radial profile of the Boo¨tes I stellar distribution
shows a break radius indicating the presence of extra-tidal stars. These observations strongly
suggest that Boo¨tes I is experiencing tidal disruption, although not as extreme as that exhibited
by the Hercules dwarf spheroidal. Combined with revised velocity dispersion measurements
from the literature, we see evidence suggesting the need to review previous theoretical models
of the Boo¨tes I dwarf spheroidal galaxy.
Key words: galaxies: dwarf – galaxies: evolution – galaxies: fundamental parameters –
galaxies: individual: Boo¨tes I.
1 IN T RO D U C T I O N
The study of the origin and nature of the Milky Way (MW) dwarf
galaxy population has received increased attention since the advent
of digital all-sky surveys. As a result, a new class of ultra-faint
stellar systems has been discovered (e.g. Belokurov et al. 2007;
Koposov et al. 2007; Walsh, Jerjen & Willman 2007; Bechtol et al.
2015; Drlica-Wagner et al. 2015; Kim & Jerjen 2015; Kim et al.
2015; Koposov et al. 2015a; Laevens et al. 2015). According to
the concordance cosmological model, cold dark matter, the dwarf
galaxy population is one of the visible remnants of the galaxy for-
mation process. In this context, galaxies have formed through the
accretion and merger of baryonic matter embedded in dark matter
haloes (see Moore et al. 1999; Diemand, Kuhlen & Madau 2007;
Diemand & Moore 2011). This scenario is supported by the high
dark matter content inferred in the dwarf galaxies (e.g. Martin et al.
2007; Simon & Geha 2007; Simon et al. 2011; Kirby, Simon &
Cohen 2015; Koposov et al. 2015b). However, observations show
that most of the currently known MW satellite galaxies are aligned
in a vast polar structure (Pawlowski, McGaugh & Jerjen 2015), said
to be inconsistent with a primordial origin. A similar structure seen
amongst the Andromeda satellites (Ibata et al. 2013) has lent sup-
port to an alternative explanation where the MW satellite population
is largely made up of tidal remnants from the interaction of the MW
with another galaxy (see Kroupa, Theis & Boily 2005; Pawlowski,
Kroupa & Jerjen 2013; Pawlowski & McGaugh 2014; Yang et al.
2014).
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In order to resolve the conflict between these fundamentally dif-
ferent scenarios and gain a better understanding of the MW neigh-
bourhood, further investigation is required. In-depth studies of the
MW dwarf galaxy population have demonstrated that a number of
these dwarfs show signs of tidal disruption (e.g. Ibata, Gilmore &
Irwin 1994; Palma et al. 2003; Battaglia et al. 2012; Newby et al.
2013; McMonigal et al. 2014; Roderick et al. 2015). A result of
this is that velocity dispersion measurements of such galaxies can
be inflated by unbound stars (Klimentowski et al. 2007). Moreover,
mass-to-light ratios determined from kinematic samples assume
a system is in dynamic equilibrium. Where this is not the case,
the mass-to-light ratio can be overestimated. Furthermore, several
cases exist in which improved membership determination has led to
considerably lower velocity dispersion estimates, and consequently
mass-to-light ratios (Łokas 2009; Koposov et al. 2011).
Our recent work (Roderick et al. 2015, 2016) has demonstrated
the effectiveness of deep, wide-field, photometric observations in
revealing extended stellar substructure associated with MW dwarf
galaxies, leading to improved understanding of their current dy-
namic state. Following on from this, we present here a wide-field,
photometric study of the Boo¨tes I dwarf spheroidal galaxy.
The Boo¨tes I dwarf (see Table 1), discovered in the Sloan Digital
Sky Survey (SDSS; Belokurov et al. 2006), is relatively unstudied
compared to many of its other MW satellite companions. Boo¨tes I
is a low luminosity (MV = −5.92 ± 0.2; Okamoto et al. 2012),
metal-poor (Fe/H = −2.55 ± 0.11; Norris et al. 2010b) system,
and is one of the most gas-poor dwarfs known (Bailin & Ford
2007). It shows an elongated stellar distribution (Belokurov et al.
2006; Okamoto et al. 2012), and has a high mass-to-light ratio
(>100; Mun˜oz et al. 2006; Martin et al. 2007; Koposov et al. 2011).
Results from N-body simulations, using a number of models of
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Table 1. Fundamental parameters of Boo¨tes I.
Parameter Value Ref.a
RA (J2000) 14:00:06 1
Dec. (J2000) +14:30:00 1
l 358.◦1 1
b 69.◦6 1
D 65 ± 3 kpc 2
(m − M)0 19.07 ± 0.11 2
rh 12.5 arcmin ± 0.3 arcmin 2
MV −5.92 ± 0.2 mag 2
σ 2.4+0.9−0.5 km s
−1 3
v 101.8 ± 0.7 km s−1 3
[Fe/H] −2.55 ± 0.11 dex 4
θ 13.◦8 ± 3.◦9 5
 0.26 ± 0.01 5
rt 31.6 arcmin ± 4.0 arcmin 5
Note. aReferences: (1) Belokurov et al. (2006), (2) Okamoto et al. (2012),
(3) Koposov et al. (2011), (4) Norris et al. (2010b), (5) This work.
Boo¨tes I, have led to the conclusion that its progenitor must have
been dark matter-dominated, since a purely baryonic star cluster
could not reproduce the observed velocity dispersion (Fellhauer
et al. 2008). However, more recent work by Koposov et al. (2011)
has demonstrated that Boo¨tes I not only has a much lower velocity
dispersion than previously thought, it also exhibits a secondary hot
component alongside its dominant, colder component. This calls
into question our previous understanding of the dark matter content
of Boo¨tes I, and presents a potentially interesting dynamic history.
Study of the stellar population of Boo¨tes I has shown it to be old
(>13 Gyr; Okamoto et al. 2012), and consistent with a single epoch,
short period burst of star formation (Belokurov et al. 2006; Okamoto
et al. 2012). Boo¨tes I has a population of variable stars (Dall’Ora
et al. 2006; Siegel 2006), and blue straggler stars (BSS; Santana et al.
2013), and shows chemical properties consistent with essentially
primordial initial abundances (Gilmore et al. 2013). Despite its
projected proximity to the Sagittarius stream, any association has
been ruled out (Law & Majewski 2010).
Although its elongation and irregular shape were noted upon its
discovery, as well as more recently (Belokurov et al. 2006; Okamoto
et al. 2012), little has been done to characterize the spatial extent
of Boo¨tes I quantitatively. This may in part be due to the difficulty
in observing such a faint object, particularly on any broad spatial
scale. However, the emergence of wide-field CCD cameras such as
the Dark Energy Camera (DECam; Flaugher et al. 2015), on the
4 m Blanco telescope at Cerro Tololo in Chile, makes such observa-
tions possible. Here we present deep, wide-field observations of the
Boo¨tes I dwarf spheroidal galaxy with the intention of conducting a
quantitative analysis of stellar substructure associated with the sys-
tem. In Section 2, we present our observations and data reduction.
This is followed by foreground discrimination and spatial mapping
in Sections 3 and 4. We perform a brief analysis of the structural
parameters of Boo¨tes I in Section 5. In Section 6, we present our
substructure analysis and methodology. Finally, Sections 7 and 8
present our discussion and summary.
2 O B S E RVAT I O N S A N D DATA R E D U C T I O N
Observations were carried out as part of observing proposal 2013A-
0617 (PI: D. Mackey), on 2013 February 15, using DECam on the
4 m Blanco telescope at Cerro Tololo in Chile. DECam is comprised
Figure 1. All point sources in our DECam field of view. North is up, and
east is to the left. The black ellipse denotes the half-light radius of Boo¨tes I.
Note that two CCDs were faulty at the time of observing, and have been
masked out. There are two bright stars in close proximity to one another on
the western side of the field, leading to a lack of detections in that area. This
is discussed later in the paper.
of a hexagonal mosaic of 62 2K × 4K CCDs, each with a pixel scale
of 0.27 arcsec pixel−1, creating a total field of view of 3 deg2.
The data set consists of a single pointing taken in the direction of
Boo¨tes I (see Fig. 1), in g- and i-band filters. A total of 3 × 300 s
exposures were taken in each filter, providing a total integration
time of 900 s each, with an average seeing of 1.30 and 1.14 arcsec
in g and i, respectively.
The raw images were processed with the DECam community
pipeline1 (Valdes, Gruendl & des Project 2014). This processing
included the subtraction of sky-background, WCS solution fitting,
and the co-addition of images into a single, deep, multi-extension
FITS image for each filter. Each of these images is presented as nine
image slices, or tiles, contained in nine separate extensions of the
FITS file.
2.1 Photometry and star/galaxy separation
The photometry was carried out using the pipeline described by
Roderick et al. (2015). This involved several key steps outlined in
the following.
First, WeightWatcher2 (Marmo & Bertin 2008) was used in
combination with the weight maps from the DECam community
pipeline, in order to mask out non-science pixels in the images prior
to the performance of aperture photometry. The photometry was
then conducted with Source Extractor3 (Bertin & Arnouts 1996) in
two passes on each image. The first pass was shallow, providing an
estimate of the average full width at half-maximum (F ) across the
field. A second, deeper pass was then performed, using this infor-
mation as input for aperture sizes. Flux was measured inside 1 × F
and 2 × F , separately on each of the nine image tiles for each filter.
This allowed the aperture size to vary across the large field of view,
allowing for fluctuations in the point spread function.
1 http://www.ctio.noao.edu/noao/content/Dark-Energy-Camera-DECam
2 http://www.astromatic.net/software/weightwatcher
3 http://www.astromatic.net/software/sextractor
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3704 T. A. Roderick et al.
Figure 2. Magnitude difference between apertures for each source extracted
in the central i-band image tile. Stellar objects are shown as a clear locus, with
a selection region shown by black lines. The selection region was determined
by fitting an exponential to the distribution of stars and reflecting it about
the locus.
Once the photometry was complete, star/galaxy separation was
performed. The technique used is described in detail in Roderick
et al. (2015), and involves taking the magnitude difference between
apertures for each source in the catalogue, revealing a clear stellar
locus in the data. Fig. 2 demonstrates this process for the central
image tile of Boo¨tes I. and clearly shows the stellar locus. The locus
is isolated by fitting an exponential to the distribution to the right
of the mean, and reflecting it to create a selection region. This is
combined with the Source Extractor classification flag (flag > 0.35)
and achieves star/galaxy separation to a depth over a magnitude
greater than that achieved by Source Extractor alone. As seen in
Roderick et al. (2016), the Source Extractor classification flag can be
inconsistent when used across multiple fields with large variations in
seeing. However, for individual fields (such as Boo¨tes I), when used
conservatively, it can assist in star/galaxy separation for faint objects
(Roderick et al. 2015). The star/galaxy separation was performed
on the i-band catalogue prior to cross-matching with the g-band
catalogue. The product of this process was a single catalogue of
stellar sources, containing the photometry for both filters.
After completion of the catalogue, it was calibrated to the SDSS
photometric system. For that purpose, the catalogue was cross-
matched with stars from SDSS data release 10 (SDSS DR10: Ahn
et al. 2014). The SDSS magnitudes were compared to the catalogue
magnitude inside the 2 × F aperture, and a zero-point (ZP) and
Table 2. Properties of the observations taken for Boo¨tes I.
Property g i
Average seeing 1.30 arcsec 1.14 arcsec
ZP 31.124 31.314
c 0.069 0.078
50 per cent completeness 24.69 23.94
colour term (c) determined for each filter, where colour is defined
as (g − i)inst. These values, determined by a least-squares fit, are
summarized in Table 2. Once calibrated, a correction for Galactic
extinction was applied. This has a greater effect on the g band than
the i band, with 0.048 < Ag < 0.107 (approximately 3 per cent differ-
ential variation in magnitude across the field). Rather than applying
a single correction based on the average extinction, the correction
factor was allowed to vary across the field. This was achieved in
a simple manner by making use of the calibration to SDSS DR10.
Each star in the catalogue was matched to its nearest SDSS neigh-
bour, and the corresponding correction value used. According to
Stoughton et al. (2002), the extinction correction values in SDSS
DR10 are given by Ag = 3.793E(B − V) and Ai = 2.086E(B − V),
and are based on the extinction maps of Schlegel, Finkbeiner &
Davis (1998).
2.2 Completeness
A completeness test was performed in order to assess the limit-
ing magnitudes and photometric uncertainties in each filter. This
was achieved by adding artificial stars to each image with the IRAF
addstar task. Artificial stars were added to each image in magni-
tudes ranging between 18.0 and 26.75 mag, with randomly assigned
coordinates. Each image was then processed through the photome-
try pipeline to recover the artificial stars. This process was repeated
30 times, with a total of 145 800 artificial stars added to each image.
The resulting completeness curve for each filter is shown in Fig. 3.
The relation from Fleming et al. (1995) was fit to each complete-
ness curve in order to determine the 50 per cent completeness limit.
These relations are shown in Fig. 3, and the limiting magnitudes
listed in Table 2. The catalogue was cut at the 50 per cent limiting
magnitude in each filter and is limited by the i-band observations,
with the 50 per cent limiting magnitude 0.75 mag brighter than
the g band. However, the stellar catalogue still reaches down to
i = 23.9 mag, or approximately 1.5 mag below the main-sequence
turn-off.
The photometric uncertainties in each band were determined by
comparing the recovered magnitude of each artificial star to its
input magnitude. The resulting distributions were each fit with an
exponential function, which was then used as a reference to calculate
the photometric uncertainty of each individual star in each filter.
3 FO R E G RO U N D D I S C R I M I NAT I O N
In order to investigate stellar overdensities associated with Boo¨tes I,
it is essential to first remove as much contamination from MW halo
stars as possible. This is difficult to do, however, reasonable discrim-
ination can be achieved with the assistance of a colour–magnitude
diagram (CMD; see Roderick et al. 2015, 2016). We use the same
method as Roderick et al. (2015) to weigh stars according to their
position on the CMD and proximity to the Boo¨tes I fiducial. The
Boo¨tes I fiducial is closely approximated using a model isochrone.
This isochrone is then used to create a weight mask by assigning
MNRAS 461, 3702–3713 (2016)
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Boo¨tes I dSph: extended stellar substructure 3705
Figure 3. Top and bottom panels show the results of the completeness test
in g and i, respectively. The fitting relation described by Fleming et al.
(1995) is shown by the dashed lines. The 50 per cent completeness limits
determined by the fitting relation are given in Table 2.
a Gaussian profile in the colour-space, along discrete magnitude
intervals. The Gaussian profile is determined for each magnitude
interval using the colour of the isochrone at that magnitude as the
peak of the Gaussian, and the photometric uncertainty in colour
as the width. Each Gaussian has a peak value of 1, such that stars
closest to the isochrone are given the highest weight.
For the Boo¨tes I mask, we selected a model isochrone from the
Dartmouth Stellar Evolution Database (Dotter et al. 2008), with an
age, metallicity and alpha abundance of 15 Gyr, −2.49 and 0.2 dex,
respectively. These values are consistent with the literature, and
the isochrone provides an excellent approximation of the Boo¨tes I
fiducial. Once the mask was created, each star in the catalogue was
assigned a weight w between 0 and 1 based on the mask, providing
a flexible means of selecting stars consistent with membership of
Boo¨tes I. Choosing a larger or smaller weight decreases or increases
the size of the selection box around the Boo¨tes I stellar population,
whilst simultaneously considering the photometric uncertainties in
the data.
Fig. 4 illustrates both the Boo¨tes I stellar population and the mask.
The left-hand panel shows the CMD of stars inside the half-light
radius (rh = 12.5 arcmin ± 0.3 arcmin; Okamoto et al. 2012) of
Boo¨tes I, demonstrating a clear fiducial sequence belonging to the
galaxy. Red and blue boxes also outline candidate blue horizontal
branch (BHB) stars and BSS, respectively. They are not included in
the mask, but will be used later as a consistency check. The central
panel in the figure shows a Hess diagram of the entire DECam
field (with bin sizes of 0.07 and 0.06 in g and g − i, respectively).
Although Boo¨tes I is still apparent, the amount of contamination
from the MW foreground is considerable and demonstrates the need
for discrimination. The right-hand panel in the figure presents the
weight mask, where the values range from 0 to 1. The increasing
photometric uncertainties broaden the mask at faint magnitudes.
4 SPATIAL MAP PI NG
With each star in the catalogue assigned a weight, we created a
map of the spatial distribution of Boo¨tes I. This facilitates both the
analysis of structural parameters of the dwarf as well as the search
for stellar substructure associated with it. The process used follows
closely the method used by Roderick et al. (2015, 2016).
First, the catalogue was separated into two groups, one containing
stars consistent with Boo¨tes I membership, and the other contain-
ing everything else. This was done in order to create a kind of
‘foreground’ map which could be used to remove the foreground
contamination. A weight of w ≥ 0.5 was chosen as the cut-off
weight to create these two groups, since it encompasses as much
of the Boo¨tes I population as possible without introducing much
contamination from the MW (see right-hand panel of Fig. 4).
Once the two groups were defined, they were binned in RA
and Dec. to create normalized (to bin area and sample size) 2D
histograms (or pixelated maps). After experimenting with several
different bin sizes, a bin size of 20 arcsec × 20 arcsec was chosen
since it provided the most detail without too much noise. The two
associated histograms were then smoothed with a Gaussian kernel
to create density maps. Different kernel sizes were trialled, however,
a smoothing factor of 7 pixels was chosen (equivalent to smoothing
over 140 arcsec). We note that the same major structural features
were apparent in the maps independently of the chosen kernel size,
however, this size again provided the most detail with the least
amount of noise. Once the two density maps were established, the
‘foreground’ map was first used to divide through the Boo¨tes I
map like a flat-field, before being subtracted from the Boo¨tes I
map to reveal an elongated halo surrounding the Boo¨tes I dwarf.
The foreground map was scaled during this process to ensure an
appropriate subtraction was performed. It was noted that scaling
did not change the main features in the final map, however, it did
change the contrast. The scaling was performed so as to provide the
best contrast in the final map. Each of the smoothed, normalized
histograms are illustrated in Fig. 5, as well as the final density map.
Note that the inter-chip gaps between CCDs are not visible in the
final smoothed, subtracted density map. The position of the two
bright stars in the field are also visible as a white gap in the map
(this part of the map is assigned a ‘NaN’ value and treated as such
in the analysis).
In order to identify structure in the map, a measure of the average
background pixel value was determined by averaging over all pixels
outside three times the half-light radius. Using the standard devia-
tion of the background, σ t, contours are defined in units of σ t above
the mean. These contours are used as the basis for detection thresh-
olds later in the substructure analysis, with the subscript t serving as
a reminder that this standard deviation defines the thresholds. Fig. 6
displays contours from the density map at 3σ t, 4σ t, 5σ t, 6σ t, 7σ t,
10σ t, 15σ t, and 20σ t. As a means of confirming the robustness of
our initial star/galaxy separation, we compared the contours with
the distribution of background galaxies downloaded from SDSS and
found no correlation.
MNRAS 461, 3702–3713 (2016)
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3706 T. A. Roderick et al.
Figure 4. Left: colour–magnitude diagram of all stars within the central half-light radius of the Boo¨tes I dwarf galaxy. The red and blue boxes denote the
regions of candidate blue horizontal branch and blue straggler stars, respectively, which are excluded from the mask. Centre: 2D histogram of the complete
Boo¨tes I catalogue, showing considerable contamination from MW halo stars. Right: weight mask generated from the Dartmouth model isochrone that best
resembles the Boo¨tes I stellar population. The width of the mask increases with increasing photometric uncertainty at faint magnitudes.
Figure 5. The process of creating a smoothed density map for detection of stellar overdensities associated with Boo¨tes I. Left: smoothed density map of stars
consistent with Boo¨tes I membership (w ≥ 0.5). Centre: smoothed density map of stars inconsistent with Boo¨tes I membership (w < 0.5). Right: the smoothed,
‘foreground’ subtracted density map revealing the distribution of stars that are most likely Boo¨tes I members. Note that the inter-chip gaps between CCDs in
the left-hand and central panels disappeared, highlighting the success of the foreground subtraction. The position of the two bright foreground stars in the field
are visible as a white gap in the map. The density scale increases from blue to red in each panel, however, while the left-hand and centre panels share the same
scale, the right-hand panel has a different scale for visual clarity.
5 ST RU C T U R A L PA R A M E T E R S
Prior to the substructure analysis, we determined the orientation
angle, θ , ellipticity, , and centroid for Boo¨tes I, and made a radial
profile (shown in Fig. 7). In a similar process to McConnachie
& Irwin (2006), we used the contours from our density map in
the determination of θ , , and the centroid. For each contour, at
intervals of 1σ t in the range between 3σ t and 20σ t, a maximum
likelihood bivariate normal fit was performed using the astroML4
(VanderPlas et al. 2012) machine learning package. The results were
averaged across all contours, giving θ = 13.◦4 ± 8.◦6,  = 0.33 ± 0.06
and a centroid offset in degrees from the central RA and Dec. of
0.010 ± 0.006, 0.018 ± 0.008. These values are comparable to those
found in the literature (0.22 <  < 0.39, θ = 14◦ ± 6◦; Belokurov
et al. 2006; Martin, de Jong & Rix 2008; Okamoto et al. 2012).
The irregular shape of Boo¨tes I contributes to the large uncertainty
in the orientation angle, however, basing the measurement on the
contours provides a robust estimate of the uncertainty intrinsic to
4 http://www.astroml.org/
this dwarf. Note that the centroid is varies from the centre of the
15σ t contour by 0.002◦and 0.01◦ in RA and Dec., respectively.
Using the values determined for θ , , and the centroid, we created
elliptical annuli about the centre of Boo¨tes I, with widths of 1.5–5
arcmin increasing radially outwards until the limiting edge of the
field (45 arcmin along the major axis from the centre of Boo¨tes I).
The star density of each annulus was recorded, and the background
density subtracted (found by averaging over random samples of the
field). Although there are inter-chip gaps present between the CCDs,
these are regular and systematic across the field. Thus, it was deemed
that they would not affect the overall outcome of the profile. The
resulting profile is shown in Fig. 7. Both a King profile (King 1962)
and exponential profile were fit to the data. The King profile provides
a better fit to the central region (<20 arcmin) than the exponential
profile. However, there appears to be a break radius at this point,
where the exponential profile provides a better fit. According to the
King profile, the tidal radius is rt = 32.5 arcmin ± 3.4 arcmin, with
a core radius of rc = 15.1 arcmin ± 1.6 arcmin, placing the break
radius inside the tidal radius. This may indicate that Boo¨tes I has
underlying substructure. We will discuss the break radius further in
Section 7.
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Figure 6. Contour plot showing the foreground-subtracted spatial distribution of Boo¨tes I. Contours (black solid lines) represent 3σ t, 4σ t, 5σ t, 6σ t, 7σ t, 10σ t,
15σ t, and 20σ t above the background, where σ t is a measure of the standard deviation in the background and the background is measured as all pixels outside
three times the half-light radius. Note that linewidth increases with increased detection threshold. Grey numbers illustrate the labelling scheme adopted and
discussed in Section 6. The red dashed and dotted lines represent the tidal and core radii, respectively.
Figure 7. Radial profile showing number density of stars versus major
axis distance from centre. The black solid line represents a King profile,
while the black dashed line represents an exponential profile. Grey dotted
and dash–dotted lines represent the average background density and tidal
radius, respectively.
6 ST RU C T U R A L A NA LY S I S
This section contains the identification and quantification of sub-
structure associated with Boo¨tes I, and provides the focus of this
paper. The analysis process is comprised of several parts; the explicit
identification of substructure is based on the density map developed
in Section 4, and followed by quantification of each individual
overdensity. We also include a brief analysis of the distribution of
candidate BSS and BHB stars. Each part of the analysis is described
in the following.
6.1 Identification of substructure
Since this paper is most concerned with the outskirts of Boo¨tes I,
and the central region provides sufficient signal to dominate the sta-
tistical analysis, we exclude the region inside the 15σ t contour and
concentrate on the structure outside this region. The density map
was then ‘segmented’ using the PYTHON package scipy.ndimage,5
and individual structures given a segment identification number
(see Roderick et al. 2015, 2016). The segmentation process was
performed at six different detection thresholds, where the thresh-
olds are given by the 3σ t, 4σ t, 5σ t, 6σ t, 7σ t, 10σ t contours. In
each case, everything above the detection threshold was considered
a potentially significant overdensity. Additionally, we performed
5 http://docs.scipy.org/doc/scipy/reference/ndimage.html
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3708 T. A. Roderick et al.
the segmentation process at a threshold of 2σ t. Despite the fact
that this threshold revealed a lot of ‘noisy’ detections, the con-
tour surrounding the main body of Boo¨tes I was determined to be
statistically significant during the course of analysis. While this de-
tection threshold is not discussed further, the significant contour is
presented in our summary.
There was a total of eight detections at the 3σ t level, some of
which were also detected at higher detection thresholds. Where
there are repeat detections, the naming scheme of the 3σ t level
is adopted. The detections and labelling scheme are illustrated in
Fig. 6. Once formally identified, the stars associated with each
individual overdensity were extracted from the catalogue to test the
level of significance. All stars in the overdensity were extracted,
regardless of their weight, to ensure unbiased testing. A control
sample of stars was also necessary to calibrate against. This provided
a comparison for our detections to assess their significance. We do
not have a separate field for comparison, however, the DECam field
of view provides a large region of sky unoccupied by Boo¨tes I.
Since the stellar overdensities were identified as anything above the
detection threshold, we define a suitable control region as any part
of the sky below the detection threshold. This ensures a reasonable
representation of the sky, making use of as much of the DECam field
as possible without including any regions which may be associated
with Boo¨tes I.
6.2 Quantification of substructure
We use the same method as Roderick et al. (2015) to quantify
the significance of our overdensity detections. For the purpose of
testing, we consider a star to be in close proximity to the Boo¨tes I
isochrone if it is weighted w ≥ 0.8.
Using the previously defined control region, a sample of stars are
drawn equal in number to the overdensity being tested (for the pur-
pose of testing each detection threshold independently of the others,
we count only stars ‘between’ thresholds, such that stars detected
at higher thresholds are not counted in the lower thresholds). In
both the sample and the overdensity, stars in close proximity to the
isochrone (w ≥ 0.8) are counted and noted. This is repeated for the
control region 10 000 times, with the sample drawn randomly each
time. A frequency distribution is created from this, and a Gaussian
function fit to provide a mean and standard deviation (σ ). The sig-
nificance (ζ ) is then determined by comparing the number of stars in
the overdensity with w ≥ 0.8 (Nw≥0.8(OD)) with the average value
determined for the control sample (Nw ≥ 0.8(CS)). The significance
is defined as the separation between the two values in units of σ :
ζ = Nw≥0.8(OD) − 〈Nw≥0.8(CS)〉
σ
.
In order to assess the level of significance, we also performed a test
of the null hypothesis. We defined 550 random overdensities across
the field, varying in size between 4 and 400 arcmin2, but avoiding
regions previously defined as candidate overdensities belonging to
Boo¨tes I. We then performed the same significance testing using the
control sample, with the expectation that the frequency distribution
of ζ values should be centred on approximately zero (the frequency
distribution is shown in Fig. 8). We fit a Gaussian function to the
distribution, and found a mean of −0.33 and standard deviation of
1.04. Based on this, we consider any detection with a significance
value of three standard deviations or more above the mean to be
statistically significant, providing a quantitative assessment value of
ζ ≥ 2.79. The results of the significance testing are shown in Fig. 9.
As can be seen from the figure, there are two main overdensities
Figure 8. The frequency distribution of ζ values resulting from a test of
the null hypothesis. This distribution shows a mean of −0.33 and standard
deviation of 1.04.
considered significant, with the main structure surrounding Boo¨tes I
detected at multiple levels. The results of testing for each significant
detection are listed in Table 3.
To take this one step further, we made a visual inspection of
the CMDs for each of the over-densities detected at each thresh-
old (Fig. 10). The Boo¨tes I fiducial is clearly present in OD 2 at
each detection threshold, keeping in mind that these diagrams do
not contain stars from the very centre of the dwarf (>15σ t). The
marginally significant OD 6 contains only six stars, making its sig-
nificance unclear. However, the almost significant OD 8 forms part
of the 2σ t structure which is statistically significant. This suggests
it is plausible that the Boo¨tes I substructure does extend as far north
as OD 8.
As a final check for our overdensities, we made a comparison
between their spatial distribution and the distribution of background
galaxies in the field (using the galaxy catalogue from Tempel, Tago
& Liivama¨gi 2012). No correlation was found, supporting the stellar
nature of the overdensities.
An electronic supplement is available containing the coordinates
of all stars in the detections determined to have significant ζ values.
6.3 BSS and BHB populations
As one last step to the analysis, we also made a brief investigation
into the radial distribution of candidate BSS and BHB stars. It was
noted that there appeared to be an absence of these populations
from the very core of Boo¨tes I. Whilst the absence of these stars
appears to coincide with the central stellar density of Boo¨tes I (see
Fig. 5), crowding or inter-chip gaps between CCDs does not appear
to be a factor (see Fig. 11). The distance of each star from the cen-
tre of Boo¨tes I was calculated in terms of the major axis distance,
and a cumulative distribution function plot for each population (see
Fig. 12). A Kolmogorov–Smirnoff (K-S) test was performed to test
the likelihood of the two populations being drawn from the same dis-
tribution. With a calculated p-value of 1.0, this test shows that to be
highly likely. During the course of the analysis, it was also noticed
that there appeared to be a difference in the radial distribution of
bluer BHB stars. The difference was most notable at g − i = −0.22,
and can be observed in Fig. 11; inside the 12 arcmin × 12 arcmin
frame of the image, there is only one bluer star compared to seven
redder stars. To investigate this further, the BHB star population
was split in two at this point and a cumulative distribution function
and K-S test performed (see dashed and dotted lines in Fig. 12. This
test also yielded a p-value of 1.0, demonstrating a high likelihood
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Figure 9. Graphical representation of the significance of each detection (listed in Tables 3). Circles, diamonds, squares, stars, triangles and hexagons represent
thresholds 3σ t to 10σ t, respectively. The grey dashed line represents ζ = 2.79.
Table 3. Significance values for the statistically significant detections,
where segment labelling corresponds to Fig. 6. Each detection threshold
is separated by a horizontal line, with the top rows corresponding to 3σ t,
progressing down the table to 10σ t.
Segment N∗ Nw ≥ 0.8(OD) 〈Nw ≥ 0.8(CS)〉 ζ
OD 1 187 49 31 3.59
OD 2 457 109 75 4.32
OD 6 6 4 0 2.90
OD 2 308 76 50 3.87
OD 2 292 89 48 6.21
OD 2 203 63 33 5.69
OD 2 444 149 73 9.98
OD 2 777 290 128 16.05
that the two samples do belong to the same population. However,
with so few stars, it is difficult to analyse the absence of various
stellar populations in the core of Boo¨tes I further.
7 D ISCUSSION
The elongation and irregular shape of Boo¨tes I (Belokurov et al.
2006; Fellhauer et al. 2008; Okamoto et al. 2012) suggests the
possibility that this dwarf galaxy is in the process of being tidally
disrupted. The overdensities we have detected show remarkable
correlation with the contours shown in fig. 1 of Fellhauer et al.
(2008), and the overall shape appears similar to that of Okamoto
et al. (2012). Fig. 13 shows a summary of our analysis. Those over-
densities determined to be statistically significant (ζ ≥ 2.79) during
the course of our analysis are shown at each detection threshold,
colour coded according to their ζ value at a given threshold. Stars
inside the central region (>15σ t) were omitted from the analysis
in order to reduce the effect of the dominant central region and
reveal the underlying substructure. The dashed contour represents
a significant detection (ζ = 6.19) at the 2σ t threshold. This contour
connects the main body of Boo¨tes I with OD 1, and extends far
enough north to encompass OD 8, an ‘almost’ significant detection.
The detected substructure appears more extended towards the
north of Boo¨tes I, relative to the central coordinates. The shape of
the substructure surrounding Boo¨tes I suggests the possibility of
the beginning of ‘S-shaped’ tidal tails, also suggested by Fellhauer
et al. (2008). However, the elongation and structure seen are not as
extreme as that seen in Hercules (Roderick et al. 2015). Also unlike
Hercules, the BHB population (and additionally BSS) does not
appear aligned in any particular direction. These populations appear
more uniformly dispersed like those seen in Sextans (Roderick
et al. 2016). There is a separate overdensity (OD 1) towards the
south-west of the centre, which is also in approximately the same
direction as one of the model orbital paths suggested by Fellhauer
et al. (2008). Brief investigation of the spatial distribution of BHB
and BSS populations suggests a high likelihood that they are drawn
from the same underlying population, consistent with the idea that
Boo¨tes I had a single period of star formation (Belokurov et al.
2006; Okamoto et al. 2012).
Fig. 13 also shows two stars (Boo-980, Boo-1137) identified as
member stars by Norris et al. (2008) using radial velocity measure-
ments. Both stars are extremely metal poor and lie at large distances
of 2.0 and 3.9 half-light radii from the centre of Boo¨tes I. Boo-1137
has been the subject of detailed spectroscopic follow up (Norris
et al. 2010a). Both stars have been noted to show radial velocities in
remarkable agreement with the mean velocity of the Boo¨tes I system
(Koposov et al. 2011). While these stars do not directly coincide
with our detections, they do align with the direction of extension of
our substructure.
Based on a King model fit to our radial profile, we determined a
tidal radius for Boo¨tes I of rt = 32.5 arcmin ± 3.4 arcmin (shown
as a grey ellipse in Fig. 13). The most extended overdensities
reach beyond the tidal radius, lending weight to the scenario in
which Boo¨tes I is being tidally disrupted. The radial profile also
shows a break radius (at a major axis distance of approximately
20 arcmin), indicating the presence of extra-tidal stars. The appear-
ance of such a break radius is somewhat controversial in the MW
dwarf spheroidals; despite the lack of an appearance in Draco and
Sextans (Odenkirchen et al. 2001; Se´gall et al. 2007; Roderick et al.
2016), the existence of a break radius in Carina and Sculptor is
somewhat ambiguous (Majewski et al. 2000, 2005; Coleman, Da
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Figure 10. Colour–magnitude diagrams of all detections. Points are coloured according to weight, with black representing 1.0, and white representing 0.0.
Features of the Boo¨tes I fiducial are clearly present.
Costa & Bland-Hawthorn 2005; Westfall et al. 2006; McMonigal
et al. 2014). Similar profiles have also been generated by Okamoto
et al. (2012) for Canes Venatici I, Boo¨tes I, Canes Venatici II, and
Leo IV. Although they mention an excess in stellar density in the
outskirts of Canes Venatici II and Leo IV, they do not see such an
occurrence in Boo¨tes I. This may in part be due to the fact that their
radial profile does not extend beyond 30 arcmin, where the excess
in stellar density becomes more prominent.
A number of orbital scenarios have been put forward for Boo¨tes I
in an attempt to identify its most likely progenitor (Fellhauer et al.
2008). The two main scenarios they suggest pose that either the
progenitor was a purely baryonic star cluster being tidally disrupted,
or that it was a dark matter-dominated, cosmologically motivated
system. The possibility was also considered that the extended stellar
substructure surrounding Boo¨tes I was the result of sparse stellar
photometry, and therefore an observational artefact. The result of
the analysis by Fellhauer et al. (2008) ruled out the scenario of
the baryonic star cluster because it could not reproduce the ve-
locity dispersion observed. However, this model reproduced the
observed radial surface density profile quite well, as opposed to
the dark matter-dominated models, which did reproduce the veloc-
ity dispersion but not the radial surface density profile. Given the
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Figure 11. Image in g band of the central 12 arcmin × 12 arcmin region of
Boo¨tes I (corresponding to the dashed box in Fig. 13). The nominal centre
of Boo¨tes I is marked with a cross. Note the absence of BHB (red squares)
and BSS (blue circles) populations at the centre. Significant crowding or
CCD inter-chip gaps do not appear to be a factor in the distribution of these
populations. Note that the BHB stars are split into two groups by colour,
where large squares represent g − i < −0.22 and small squares represent
g − i ≥ −0.22.
Figure 12. Cumulative distribution functions for the BHB star and BSS
populations. The BHB star population has been further split into two groups
at g − i = −0.22 to investigate the absence of stars with g − i < −0.22 in
the centre of Boo¨tes I.
revised observed velocity dispersion of σ = 2.4+0.9−0.5 km s−1
(Koposov et al. 2011) (note this is corresponds to the dominant
kinematic component, which is much closer to that provided by
the baryonic model of Fellhauer et al. 2008, the best estimate
for a single component dispersion is 4.6 km s−1), and our own
analysis demonstrating the statistical significance of the extended
substructure surrounding Boo¨tes I, this suggests that the possible
orbital scenarios for Boo¨tes I should be reconsidered. Our analysis
clearly demonstrates that the substructure seen around Boo¨tes I is
not an observational artefact, and therefore cannot be ignored in the
modelling of orbital scenarios.
The orbital direction favoured by Fellhauer et al. (2008) is shown
in Fig. 13 as a black arrow. This orbit would place Boo¨tes I rela-
tively close to an apo-galacticon of 76 kpc, with a peri-galacticon
of 37 kpc. Given the lack of abundant free-floating debris compared
to Hercules (Roderick et al. 2015), Boo¨tes I is unlikely to follow as
extreme an orbit as the model proposed for Hercules, particularly
given it has an estimated infall time of 7–10 Gyr compared to the
2–8 Gyr estimated for Hercules (Rocha, Peter & Bullock 2012).
8 SU M M A RY
We have demonstrated quantitatively that the Boo¨tes I dwarf
spheroidal galaxy shows significant, extended stellar substructure.
An analysis of the radial profile has also revealed the presence of
extra-tidal stars, providing strong evidence to suggest that Boo¨tes I
is experiencing tidal disruption. In conjunction with the revised ve-
locity dispersion measurements from Koposov et al. (2011), this
suggests that Boo¨tes I may not possess the high mass-to-light ra-
tio previously thought, and suggests a review of previous orbital
models and possible progenitors may be necessary.
AC K N OW L E D G E M E N T S
The authors wish to thank the referee for their comments on the
original manuscript. TAR acknowledges financial support through
an Australian Postgraduate Award. ADM acknowledges the sup-
port of the Australian Research Council through Discovery Projects
DP1093431, DP120101237, and DP150103294. HJ and GDC ac-
knowledge the support of the Australian Research Council through
Discovery Projects DP120100475 and DP150100862. This project
used data obtained with the DECam, which was constructed by
the Dark Energy Survey (DES) collaborating institutions: Argonne
National Lab, University of California Santa Cruz, University of
Cambridge, Centro de Investigaciones Energeticas, Medioambi-
entales y Tecnologicas-Madrid, University of Chicago, University
College London, DES-Brazil consortium, University of Edinburgh,
ETH-Zurich, Fermi National Accelerator Laboratory, University
of Illinois at Urbana-Champaign, Institut de Ciencies de lEspai,
Institut de Fisica dAltes Energies, Lawrence Berkeley National
Lab, Ludwig–Maximilians Universitat, University of Michigan, Na-
tional Optical Astronomy Observatory, University of Nottingham,
Ohio State University, University of Pennsylvania, University of
Portsmouth, SLAC National Lab, Stanford University, University
of Sussex, and Texas A&M University. Funding for DES, includ-
ing DECam, has been provided by the US Department of Energy,
National Science Foundation, Ministry of Education and Science
(Spain), Science and Technology Facilities Council (UK), Higher
Education Funding Council (England), National Center for Super-
computing Applications, Kavli Institute for Cosmological Physics,
Financiadora de Estudos e Projetos, Fundao Carlos Chagas Filho de
Amparo a Pesquisa, Conselho Nacional de Desenvolvimento Cient-
fico e Tecnolgico and the Ministrio da Cincia e Tecnologia (Brazil),
the German Research Foundation-sponsored cluster of excellence
Origin and Structure of the Universe and the DES collaborating
institutions.
MNRAS 461, 3702–3713 (2016)
 at The A
ustralian N
ational U
niversity on N
ovem
ber 25, 2016
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
3712 T. A. Roderick et al.
Figure 13. Summary figure of the results of our substructure detection and significance testing across all detection thresholds. Contours show an increasing
line-width with an increase in detection threshold between 3σ t and 10σ t. A dashed contour with ζ = 6.19 for the 2σ t threshold is shown without a filled colour.
All other detection thresholds are overlaid on top of each other, and colour coded according to the ζ value. Open, green circles represent the blue horizontal
branch stars (outlined in red in Fig. 4), while the blue, filled circles represent blue straggler stars (outlined in blue in Fig. 4). Note that the blue horizontal branch
stars are split into two groups by colour, where large points represent g − i < −0.22 and small points represent g − i ≥ −0.22. The tidal radius is represented
by a grey ellipse. The box outlined by a dashed line at the centre of the figure corresponds to the region displayed in Fig. 11. The black arrow represents the
model orbital path favoured by Fellhauer et al. (2008). The two purple filled stars represent Boo-980 and Boo-1137, identified as member stars by Norris et al.
(2008) using radial velocity measurements.
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